epithelium; biliary; microRNAs; inflammation CHOLANGIOCYTES ARE THE PRIMARY target cells in an important group of genetic and acquired biliary disorders affecting both the adult and pediatric populations, collectively called "cholangiopathies" (12, 35) . Despite their heterogeneity, the inflammatory reaction, characterized by a significant amount of inflammatory infiltrate in the portal region, is central to most manifestations of cholangiopathies. Although persistent biliary inflammation is the pathological hallmark, there is usually no evidence supporting a mechanistic link to any specific pathogens or pathogen-specific gene products (1, 27) . Aberrant cholangiocyte responses to inflammatory stimuli may be the real pathogenic factors for the chronicity of inflammation in patients with the diseases (23, 37) .
A local environment rich in proinflammatory cytokines, such as interferon (IFN)-␥ and tumor necrosis factor (TNF)-␣, has been implicated in most cholangiopathies including primary biliary cirrhosis, biliary atresia, and primary sclerosing cholangitis (3, 5, 42) . IFN-␥ is a dimeric glycoprotein, mainly synthesized by NK cells and CD4 and CD8 T cells (39) . The cell surface receptors for IFN-␥ are IFN-␥R1 and IFN-␥R2. The major signaling pathway activated by IFN-␥ involves sequential phosphorylation of the Janus-activated kinase and signal transducer and activator of transcription (STAT) proteins. Cholangiocytes express several receptors for cytokines and chemokines including IFN-␥, interleukin-4 (IL-4), IL-6, and TNF-␣ (46, 48) .
Evidence suggests that cholangiocytes are involved in the intensification and localization of inflammatory responses via expression of adhesion molecules to recruit lymphocytes to the portal region. A group of adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1), human leukocyte antigen class I (HLA-I), and lymphocyte function-related antigen 3, is constitutively expressed in human cholangiocytes (14, 34) . Upregulation of ICAM-1 and HLA-I in cultured human cholangiocytes was evident after stimulation with IFN-␥, TNF-␣, and IL-1 (10) . Clinically, overexpression of ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), and HLA antigens is a common pathological feature in chronic cholangiopathies and can promote cholangiocyte interactions with effector lymphocytes in the portal area (10, 28) .
MicroRNAs are a newly identified class of endogenous small regulatory RNAs (2, 6) . These molecules target mRNAs on the basis of the complementarity between the miRNAs and the 3=-untranslated regions (3=UTRs) of target mRNAs. This causes either mRNA cleavage or translational suppression, resulting in gene suppression (6) . Over 700 miRNAs have been identified in humans, and it has been predicted that miRNAs control 20 -30% of human genes (6, 7) . Because miRNAs appear to provide quantitative regulation of genes, rather than on-off decisions, they can be seen as a fine tuning for the cellular responses to external influences (26) . MicroRNAs are involved in regulating Toll-like receptor signaling and ensuing cytokine response (e.g., miR-146) and have been implicated in viral immune escape and antiviral defense (e.g., miR-196) (37) . Recent evidence showing altered miRNA expression in chronic inflammatory diseases (miR-203 and miR-146) suggests their involvement in immune-mediated diseases (37) . Indeed, miR-126 targets VCAM-1 and regulates endothelial expression of VCAM-1 induced by TNF-␣ (20) . We also recently identified that a cellular miRNA, let-7i, is involved in translational regulation of Toll-like receptor 4 in human cholangiocytes (11) . miR-98 and let-7 are involved in translational regulation of the cytokine-inducible Src homology 2 protein in human cholangiocytes in response to microbial challenge (22) .
In this study, we report that IFN-␥ induces ICAM-1 expression in human cholangiocytes. This induced expression of ICAM-1 at the protein level involves a relief of miRNAmediated translation repression by miR-221. Furthermore, ICAM-1 expression confers the adherence of T cells to cholangiocytes in vitro. Thus a miRNA-mediated regulatory mechanism of ICAM-1 expression has been identified in cholangiocytes, a process that may be relevant to the regulation of cholangiocyte-T cell interactions during portal inflammation in liver diseases. nitrocellulose membrane. Antibodies to ICAM-1 (Cell Signaling, Danvers, MA) and actin (Sigma-Aldrich, St. Louis, MO) were used. Densitometric levels of ICAM-1 signals were quantified and expressed as their ratio to actin.
MATERIALS AND METHODS

Cells
Real-time PCR. For quantitative analysis of mRNA expression, total cellular RNA was isolated from cells using the TRIzol reagent (Invitrogen, Carlsbad, CA). RNAs were treated with DNA-free Kit (Ambion, Austin, TX) to remove any remaining DNA. Comparative real-time PCR was performed with the use of the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). The sequences for the amplification of human ICAM-1 were: 5-CGCAAGGTGAC-CGTGAATGT -3 (forward) and 5-CGTGGCTTGTGTGTTCGGTT -3 (reverse). The primer sequences for the amplification of GAPDH were as follows: 5-TGCACCACCAACTGCTTAGC -3 (forward); 5-GGCAT-GGACTGTGGTCATGAG -3 (reverse).
For analysis of miR-221, total RNA was isolated from cells with the mirVana miRNA Isolation kit (Ambion). Comparative real-time PCR was performed by using the TaqMan Universal PCR Master Mix (Applied Biosystems). Specific primers and probes for mature miR-221 and snRNA RNU6B were obtained from Applied Biosystems. All reactions were run in triplicate. The amount of miR-221 was obtained by normalizing to snRNA RNU6B and relative to control (untreated cell) as previously reported (11, 19, 22) .
Northern blot. Total RNAs harvested as above were run on a 15% Tris/Borate/EDTA [90 mM Tris/64.6 mM boric acid/2.5 mM EDTA (pH 8.3)] urea gel (Invitrogen) and transferred to a Nytran nylon transfer membrane (Ambion). A locked nucleic acid digoxigenin probe for miRNA-221 (Exiqon, Vedbaek, Denmark) was hybridized using UltraHyb reagents (Ambion) according to the manufacturer's instructions with blotted snRNA RNU6B as a control.
Anti-miR and precursor to miR-221. To manipulate cellular function of miR-221 in H69 cells, we utilized an antisense approach to inhibit miR-221 function and transfection of cells with miR-221 precursor to increase miR-221 expression. For experiments, H69 cells were grown to 70% confluent and treated with anti-miR-221 (antisense 2-methoxy oligonucleotide to miR-221, Ambion) or the miR-221 precursor (Ambion) using the lipofectamine 2000 reagent (Invitrogen).
Luciferase reporter constructs and luciferase assay. Complementary 40 bp DNA oligonucleotides containing the putative miR-221 target site within 3=UTR of human ICAM-1 were synthesized with flanking SpeI and HindIII restriction enzyme digestion sites (sense: 5=-ctagGAAGTGGCCCTCCATAGACATGTGTAGCATCAAAAC-3=; antisense: 5=-agctGTTTTGATGCTACACATGTCTATGGAGGGC-CACTTC-3=) and cloned into the multiple cloning sites of the pMIR-REPORT Luciferase vector (Ambion). The sense and antisense strands of the oligonucleotides were annealed by adding 2 g of each oligonucleotide to 46 l of annealing solution [100 mM potassium acetate, 30 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid potassium salt N-(2-hydroxyethyl) piperazine-N=-(2-ethanesulfonic acid) potassium salt, pH 7.4, and 2 mM magnesium acetate] and incubated at 90°C for 5 min and then at 37°C for 1 h. The annealed oligonucleotides were digested with SpeI and HindIII and ligated into the multiple cloning sites of the pMIR-REPORT Luciferase vector (Ambion). In this vector, the posttranscriptional regulation of luciferase was potentially regulated by miRNA interactions with the ICAM-1 3=UTR. Another pMIR-REPORT luciferase construct containing mutant 3=UTR (TGTAGC to ACATCG) was also generated as a control. We then transfected H69 cells with each reporter construct, as well as anti-miR-221 or miR-221 precursor, followed by assessment of luciferase activity 24 h after transfection. Luciferase activity was then measured and normalized to the control ␤-galactosidase level (22) .
Cell adhesion assay. A fluorescence labeling approach was used to assess epithelial cell-mediated adhesion of T cells as previously reported (8, 18 (36) . Representative images were taken under a Carl Zeiss fluorescent microscope. Blocking experiments were conducted by incubating IFN-␥-treated H69 cells with a neutralizing antibody to ICAM-1 (10 g/ml, R & D Systems) for 60 min at 37°C before performing the adhesion assay. Nonspecific IgG isotype (R & D Systems) was used as a control.
RESULTS
IFN-␥ induces ICAM-1 expression in cholangiocytes.
We first assessed ICAM-1 expression both at the message RNA and protein levels in cholangiocytes in response to IFN-␥ stimulation. When H69 cells were exposed to various doses of IFN-␥ for 8 h, a significant increase of ICAM-1 at the mRNA level was detected (Fig. 1A) . A dose-dependent increase of ICAM-1 at the protein level was also found in H69 cells after exposure to IFN-␥ for 24 h (Fig. 1B) . Consistently, when H69 cells were exposed to IFN-␥ (10 ng/ml) for up to 24 h (for ICAM-1 mRNA measurement) or up to 48 h (for ICAM-1 protein detection), a time-dependent increase of ICAM-1 at both the message and protein levels was detected (Fig. 1, C and D) . Increase of ICAM-1 mRNA, as well as ICAM-1 protein, was also confirmed in HIBEpiC after IFN-␥ stimulation (Fig. 1, E and F) .
Posttranscriptional regulation is involved in IFN-␥-induced ICAM-1 protein expression. Recent studies suggest that posttranscriptional regulation plays a critical role in the regulation of cytokines and adhesion molecules in cells in response to inflammatory stimuli (19, 22) (Fig. 2A) . Inconsistent to the message expression, a significant upregulation of ICAM-1 protein was detected in IFN-␥-stimulated cells after treatment with actinomycin D (Fig. 2B) . The level of ICAM-1 protein in cells treated with actinomycin D and IFN-␥ was ϳ50% of ICAM-1 level in cells treated with IFN-␥ alone. Taken together, the above data suggest that both transcriptional and posttranscriptional mechanisms are involved in IFN-␥-induced ICAM-1 expression in cholangiocytes.
miR-221 targets ICAM-1 3=UTR and causes posttranscriptional suppression. ICAM-1 is a target for miR-222 and miR-339 in colorectal cancer cells (41) . miR-221 and miR-222, encoded in tandem on the chromosome X, belong to a conserved miRNA family with a significant homology between them (31). Both miR-221 and miR-222 are expressed in H69 and HIBEpiC cells, and miR-339 was not detected in H69 cells (19, 24) . Nevertheless, expression level of miR-221 is much higher than miR-222 (24) . miR-221 is one of the most abundant miRNAs expressed in human cholangiocytes, second only to miR-21 (24) . To test whether miR-221 targets ICAM-1 3=UTR, we used the MicroRNA.org (http://www.microrna.org) (7) . We found that miR-221 is complementary to ICAM-1 3=UTR, extending between 398 and 420 (Fig. 3A) .
To test the potential targeting of ICAM-1 mRNA by miR-221, we generated a pMIR-REPORT luciferase construct containing the ICAM-1 3=UTR with the putative miR-221 binding site (Fig. 3A) . In addition, a construct with the TGTAGC to ACATCG mutation at the putative binding site was also generated as control (Fig. 3A) . We then transfected H69 cells with these reporter constructs followed by assessment of luciferase activity 24 h after transfection. As shown in Fig. 3B , a significant decrease of luciferase activity was detected in cells transfected with the ICAM-1 3=UTR construct containing the potential binding site compared with the mutant control vector, suggesting endogenous translational repression of the construct with the ICAM-1 3=UTR. miR-221 precursor further significantly decreased the luciferase reporter translation (Fig. 3B) . In contrast, anti-miR-221 markedly increased ICAM-1 3=UTR-associated luciferase reporter translation (Fig. 3B) . Taken together, the above data suggest that miR-221 targets ICAM-1 3=UTR, resulting in posttranscriptional suppression in cholangiocytes.
Functional inhibition of miR-221 increases ICAM-1 protein expression but does not alter ICAM-1 expression at the message RNA level.
To test whether miRNA-mediated translational repression of ICAM-1 is directly relevant to ICAM-1 protein expression in cholangiocytes, we treated H69 cells with anti-miR-221 for 72 h and then measured ICAM-1 protein expression by Western blot. Transfection of H69 cells with the anti-miR-221 caused a dose-dependent increase of ICAM-1 protein content (Fig. 4A) . Moreover, no significant change in ICAM-1 mRNA levels was found between the control cells and cells treated with anti-miR-221 (Fig. 4B) , suggesting that miR-221 does not induce ICAM-1 mRNA degradation.
IFN-␥ decreases miR-221 expression in a STAT1-dependent manner.
Results of our previous studies using the microarray analysis demonstrate a tendency of decline for miR-221 (0.07 Ͼ P Ͼ 0.05) in H69 cells after exposure to IFN-␥ for 8 h (19) . Using Northern hybridization, we detected a significant decrease in the expression levels of miR-221 precursor and mature miR-221 in H69 cells following IFN-␥ stimulation for 12 h (Fig. 5A) . Furthermore, a significant decrease in miR-221 expression was confirmed in H69 and HIBEpiC cells following IFN-␥ stimulation for 8 h and 12 h by real-time PCR analysis with the use of specific probes and primers for mature miR-221 (Fig. 5B) .
STAT1 is one of key elements for IFN-␥ signaling pathways. In our previous studies, we demonstrated that IFN-␥ stimulation induced a significant increase of STAT1 tyrosine phosphorylation in H69 cells (19) . To test whether STAT1 is involved in IFN-␥-altered miRNA expression, we used a specific siRNA (Cell Signaling) to knock down STAT1 and assessed its effects on IFN-␥-associated expression of miR-221. Cells were transfected with STAT1 siRNA for 48 h followed by an additional incubation for 8 h in the presence or absence of IFN-␥ (10 ng/ml). A significant decrease of miR-221 level was detected in the non-siRNA-treated H69 cells after exposure to IFN-␥ for 8 h as assessed by real-time PCR (Fig. 5C ). H69 cells treated with the scrambled siRNA showed a similar decrease of miR-221 expression following IFN-␥ stimulation. However, STAT1 siRNA partially relieved the inhibition of miR-221 expression in H69 cells induced by IFN-␥ (Fig. 5C) . (Fig. 6A) .
IFN-␥ induces ICAM-1 expression through downregulation of miR-
To test whether relief of miR-221-mediated ICAM-1 translational repression is involved in IFN-␥-induced ICAM-1 protein expression in cholangiocytes, we transfected H69 cells with various doses of miR-221 precursor for 48 h and then exposed those cells to IFN-␥ for 24 h followed by Western blot (Fig. 6C) . Coupled with the downregulation of cellular miR-221 in response to IFN-␥, the above data suggest that relief of miR-221-mediated translational repression of ICAM-1 is involved in IFN-␥-induced ICAM-1 protein expression in cholangiocytes.
Upregulation of ICAM-1 in cholangiocytes induced by IFN-␥ affects T cell adherence. As an adhesion molecule, increased expression of ICAM-1 on epithelial cells contributes to an enhanced adherence of neutrophils and lymphocytes to epithelial cell surfaces (4, 18) . To determine the functional relevance of miR-221-mediated expression of ICAM-1 in cholangiocytes, we performed adhesion assay to assess the adherence of cholangiocytes by the cocultured Jurkat cells. As shown in Fig. 7A , H69 cells transfected with the miR-221 precursor showed a significant decrease of Jurkat cell adherence. A neutralizing antibody to ICAM-1 also decreased adherence by cocultured Jurkat cells (Fig. 7A) . In contrast, inhibition of miRNA-221 in H69 cells with the anti-miR-221 significantly enhanced Jurkat cell adherence compared with cells treated with the anti-miR control (Fig. 7B) . Moreover, H69 cells with an enhanced ICAM-1 expression attributable to the IFN-␥ stimulation showed a significant increased adherence to Jurkat cells compared with control non-IFN-␥-stimulated cells. Similarly, blockage of ICAM-1 on the IFN-␥-stimulated or -nontreated H69 cells with anti-ICAM-1 mAb (10 g/ml), as well as transfection of cells with miR-221 precursor, significantly decreased the adherence of cocultured Jurkat cells (P Ͻ 0.05, Fig. 7C ). Effects of miR-221-mediated ICAM-1 expression in cholangiocytes induced by IFN-␥ on adherence of cocultured T cells were further confirmed by immunofluorescent microscopy (Fig. 7D) . These data suggest that miR-221-mediated ICAM-1 expression in cholangiocytes influences adherence of cocultured Jurkat cells.
DISCUSSION
The key findings in this report are that 1) targeting of ICAM-1 3=UTR by miR-221 suppresses ICAM-1 translation in human cholangiocytes, 2) IFN-␥ downregulates miR-221 expression in cultured cholangiocytes through activation of the STAT signaling, 3) IFN-␥-induced expression of ICAM-1 in cholangiocytes involves downregulation of miR-221, and 4) expression of ICAM-1 on cholangiocytes regulated by miR-221 influences the adherence of cocultured T cells. These data suggest that miR-221 is involved in IFN-␥-induced expression of ICAM-1 and further regulates inflammatory responses in cholangiopathies.
Overexpression of ICAM-1, VCAM-1, and HLA antigens is a common pathological feature in inflammatory cholangiopathies and can promote cholangiocyte interactions with effector lymphocytes in the portal area (9, 10) . Expression of ICAM-1 in cholangiocytes is finely controlled in response to inflammatory stimuli. Molecular mechanisms underlying the transcriptional regulation of ICAM-1 gene have been well investigated. Activation of intracellular signal pathways and nuclear translocation of transcription factors, including NF-B and activator protein-1, have been demonstrated to be critical to transactivate ICAM-1 gene (13, 16) . Here, we provided evidence that both transcriptional and miRNA-mediated posttranscriptional mechanisms are involved in IFN-␥-induced ICAM-1 expression in human cholangiocytes. First, we identified that miR-221 tar- The importance of miR-221-mediated translational suppression of ICAM-1 is beyond simply determining the rate of ICAM-1 translation at the posttranscriptional level. It may be critical to the stimulated expression of ICAM-1 in cholangiocytes in response to inflammatory stimuli. Using a nontransformed normal human cholangiocyte cell line (HIBEpiC) and several cholangiocarcinoma cell lines, Kawahigashi et al. (24) recently reported the cloning profiles of miRNAs in human cholangiocytes. Highly cloned miRNAs identified in human cholangiocytes include miR-221, representing about 10% of all miRNA clones, second only to miR-21 (24) . The abundance of miR-221 in cholangiocytes may assure the low basal expression of ICAM-1 protein at a physiological condition. Therefore, it is plausible that relief of miR-221-mediated translational suppression may be necessary for the stimulated expression of ICAM-1 during inflammation. Indeed, transfection of cholangiocytes with miR-221 precursor could attenuate IFN-␥-induced ICAM-1 expression at its protein level; even a high level of ICAM mRNA still persisted after miR-221 precursor treatment. Although the expression level of miR-221 in other cell types is unclear, our data suggest a critical role for miR-221 in the coordinated regulation of ICAM-1 expression in cholangiocytes in response to IFN-␥.
Most of human miRNA genes are transcribed by polymerase II and can be classified as class II genes (25, 29, 33) . Therefore, expression of miRNAs can be elaborately controlled through various regulatory mechanisms including transactivation and transrepression by nuclear transcription factors (17, 32, 40, 49) , as well as activation of the microRNA-generating complex at the posttranscriptional level (15, 21, 44, 47) . IFN-␥ triggers both gene transactivation and transsuppression in stimulated cells. Gene regulation at the posttranscriptional level has also been reported in cells following IFN-␥ stimulation (45) . Indeed, significant decrease of precursor miR-221 and mature miR-221 was detected in cells following IFN-␥ stimulation. Because knockdown of STAT1 via siRNA silencing can block IFN-␥-induced decrease of miR-221 expression, it is likely that IFN-␥ decreases miRNA-221 expression through STAT1. Nevertheless, how IFN-␥ suppresses miR-221 gene transcription and whether STAT1 can inhibit miRNA-221 maturation at the posttranscriptional level are still unclear and merit further investigation.
The expression of adhesion molecules on the surface of cholangiocytes modulates their interaction with other cell types in the liver. Adhesion molecules expressed on the cholangiocyte surface permit adhesion and recognition of lymphocytes and, subsequently, activation of cytotoxic effector lymphocytes. Upregulation of ICAM-1 and HLA-I in cultured human cholangiocytes was evident after stimulation with IFN-␥, TNF-␣, and IL-1 (1) . In this study, we confirmed that ICAM-1 expressed on the surface of human cholangiocytes following IFN-␥ stimulation increased the attachment of cocultured Jurkat cells to cholangiocytes. An antibody to ICAM-1 completely blocked the attachment of cocultured Jurkat cells. Functional manipulation of miR-221 in cholangiocytes could also influence associated attachment of cocultured Jurkat cells. Thus ICAM-1 may have important regulatory functions to ensure a controlled and balanced inflammatory reaction in the portal region during biliary inflammation. It can be speculated that miR-221-mediated expression of ICAM-1 on cholangiocytes will influence cholangiocyte-T cell interactions in vivo. Infiltration of inflammatory lymphoid cells to the portal region has been demonstrated in the biliary tract in various hepatobiliary diseases (30, 38) .
In conclusion, our data indicate that IFN-␥ induces ICAM-1 expression in human cholangiocytes via relief of miR-221-mediated translational suppression of ICAM-1. Moreover, miR-221-mediated expression of ICAM-1 in cholangiocytes is involved in cholangiocyte-T cell interactions. It will be of interest to determine the mechanisms by which IFN-␥ decreases miR-221 expression and the role of miRNAs in the regulation of biliary inflammatory reactions in vivo. 
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